Introduction
Perfluorinated Compounds (PFCs) are a new class of Persistent Organic Pollutants. They consist of a hydrophobic perfluorinated carbon tail and a hydrophilic ionic head. Due to the unique structure of fluoride-carbon bond, they present significant thermal and chemical stability. As a result, they have a wide variety of applications in firefighting foams, food packing, waterproof breathable fabrics and Teflon production [Ahrens, 2011] .
During the last years, PFCs have attracted scientific interest, due to their widespread occurrence in the environment as well as their environmental persistence, bioaccumulation potential and potential toxicity [Ahrens, 2011] . PFCs have been detected in several environmental samples, such as wastewater, surface water and groundwater at concentrations up to some hundreds ng L -1 [Müller et al., 2011 , Arvaniti et al., 2012 , Stasinakis et al., 2013 , Eschauzier et al., 2013 , as well as in sewage sludge, soil and sediment in the range of some pg g -1 to few ng g -1 [Arvaniti et al., 2012 , Pico at al., 2012 ,Wang et al., 2013 .
Due to PFCs' recalcitrance, no degradation is expected during conventional wastewater treatment, while sorption seems to be an important mechanism governing their removal [Sinclair and Kannan, 2006, Arvaniti et al., 2012] . However, so far, there are limited papers investigating in depth PFCs' sorption to different types of sewage sludge. Specifically, Zhou et al. (2010) reported sludge-water distribution coefficients (K d ) values for Perfluorooctane Sulfonate (PFOS) and Perfluorooctanoic Acid (PFOA) on activated sludge; whereas Ochoa-Herrena and Sierra-Alvarez (2008) reported K d values only for PFOS in different types of anaerobic sludge. The aforementioned studies were performed in batch experiments using very high concentrations of the target compounds, about 100 to 10.000 fold higher than sewage and environmental relevant concentrations. Additionally to the above, full-scale Sewage Treatment Plants (STPs) K d values have been calculated for some PFCs to primary and secondary sludge by Yu et al. (2009) and Arvaniti et al. (2012) . Finally, in a very recent sorption study by Zhang et al. (2013) , the sorption of several PFCs onto secondary sludge was described using Freundlich isotherms. Experiments were performed using activated sludge sterilized by NaN 3 , while concentrations of the target compounds in the range of 5 μg L -1 to 500 μg L -1 were used for sorption experiments. However, according to recent publications, NaN 3 affects sorption properties and structure of activated sludge [Pierre et al., 2013] ; whereas the elaboration of sorption experiments at concentrations much higher than the environmental relevant can affect the validity of the results [Wick et al., 2011] . On the other hand, to our knowledge, excepting from one publication that reports organic carbon distribution coefficient (K OC ) values for PFOA and PFOS to activated sludge [Yu et al., 2009] , no experimental K OC values exist for other PFCs. Additionally, there is lack of data for the distribution of these compounds between water and solid phase in different stages of a STP and for the role of different sludge outflows on their removal.
The main objectives of this study were to determine K d and K OC values for four PFCs (PFOA, PFOS, Perfluorodecanoic acid, PFDA and Perfluoroundecanoic acid, PFUdA) to primary, secondary and digested sludge at environmentally relevant concentrations (200 ng L -1 and 5 μg L -1 ) and apply the obtained K d values to evaluate the fate of PFCs in a typical STP. The fraction of PFCs sorbed onto primary and secondary settling tank as well as in anaerobic digester was estimated for each target compound for SS concentrations commonly found in STPs. Furthermore, the removal of PFCs via removed sludge and their discharge to the environment were assessed. Last, the effects of pH, ionic strength and cations on PFCs sorption to secondary sludge were investigated.
Materials and methods

Chemicals and reagents
PFOS (purity > 98%) was obtained from Sigma (Seelze, Germany). All other standards were supplied from Alfa Aesar (Karlsruhe, Germany) with purity ≥ 95%. Two isotopically labelled standards (≥ 98%) were purchased from Wellington Laboratories (Guelph, Ontario, Canada) and used as internal standards. Properties of all analytical standards are summarized in Table S1 . Methanol and acetonitrile HPLC-MS grade were obtained from Merck (Frankfurt, Germany); whereas ammonium formate was supplied by Fluka (Buchs, Switzerland). Distilled water was provided by a MilliQ system (Milli-Q Gradient A10, Molsheim, France). OASIS HLB (200 mg, 6 mL) solid-phase extraction (SPE) cartridges were purchased from Waters (Milford, MA, USA). All standards stock solutions were prepared in methanol and stored in dark at 4 ˚C.
Characteristics and sampling of sewage sludge
All types of sludge (primary, secondary and anaerobically digested) were collected from a STP serving 3,700,000 inhabitants (Athens, Greece). The wastewater treatment process involves primary sedimentation, activated sludge process with biological nitrogen (nitrification, denitrification) and biological phosphorus removal, and secondary sedimentation. In the activated sludge bioreactors, hydraulic retention time was 9 h, while solids residence time (SRT) was 7 days. Sludge treatment included thickening, mesophilic anaerobic digestion, dewatering and thermal drying. Anaerobic digesters are operated at a SRT of 20 d. The concentration of total suspended solids (TSS) in activated sludge tanks was 4.2 g L -1 , while TSS concentrations in primary, secondary and digested sludge were 35.5, 8.0 and 32.3 g L -1 , respectively. The characteristics of different sludge types used in this study are presented in Table S2 .
Samples were collected in high-density polyethylene bottles and immediately transported to the laboratory. Sludge preparation for sorption experiments was based on previous studies [Andersen et al., 2005 , Hörsing et al., 2011 . In brief, each type of sludge was washed three times using tap water, centrifuged to remove water soluble constituents and frozen at -18 ˚C for 24 h. Afterwards, sludge was gently freeze dried to preserve its structure, sterilized by heating at 103 ˚C for minimum 3 h and stored at 4 ˚C.
Sorption experiments
Batch kinetic experiments were performed to investigate the time at which equilibrium between PFCs concentrations in the water and secondary sludge was established. 1 g L -1 secondary sludge suspensions were prepared in 6 polypropylene flasks by re-suspending weighted amounts of sludge in 10 mL tap water. Small amounts of target compounds (50 μL) were added in each flask to give a final concentration of 5 μg L -1 for each PFC. Flasks were wrapped in aluminum foil to prevent PFCs' photodegradation and shaked at 125 rpm. Flasks were removed at selected time intervals (0, 4, 8, 12, 24, 48 h) and PFCs were determined in the dissolved and particulate phase. Based on these results, the total concentration of each PFC was calculated through a mass balance in different flasks to check sludge inactivation.
To determine K d values of PFCs for primary, secondary and digested sludge, batch experiments were conducted for a range of initial concentrations. Each target compound was added at different concentrations (0.2, 0.4, 0.8, 1.5, 3 and 5 μg L -1 ) to 1 g L -1 sludge and 40 mL tap water. Flasks were put on a shaker, while samples were taken at the chosen equilibrium time (15 h) and PFCs concentrations were determined in the dissolved phase.
To investigate the effect of solution's pH on PFCs sorption to secondary sludge, batch experiments were performed at three pH values (6.0 ± 0.1, 7.0 ± 0.1, 8.0 ± 0.1) at a concentration level of 1.5 μg L -1 for each analyte. Additional experiments were performed using secondary sludge to examine the influence of ionic strength and cation types on PFCs sorption. The concentrations of Ca 2+ and Na + ranged from 1 to 100 mM and PFCs concentrations were equal to 1.5 μg L -1 .
In each of the experiments described, control runs without sludge were performed to estimate the impact of other processes (e.g., sorption onto flask walls) on PFCs removal. Furthermore, unspiked samples, taken from Athens STP, were analyzed to quantify background concentration of each analyte in sludge. All experiments were performed at 25.0 ± 1.0 ˚C and at stable pH conditions. Excepting for kinetic experiment, all experiments were conducted in triplicates. Further details on the experimental design are described in Table S3 .
Analytical methods
For the investigation of PFCs sorption on different types of sludge, samples from sorption batch experiments were filtered through pre-ashed glass-fiber filters (GF/F, Whatman, UK) and filtrates were stored in the dark at 4 ˚C until extraction. For the determination of PFCs in the particulate phase (equilibrium time experiment), filters were oven dried in 60 ˚C until constant weight and stored at -18 ˚C until analysis. Prior to extraction procedure, samples were spiked with 0.5 μg L -1 of each internal standard. Detailed information for the extraction of PFCs in wastewater and sludge is reported in Arvaniti et al. (2014) . In brief, PFCs in water samples were extracted using SPE. Extraction of sludge samples was accomplished using 7.5 mL of 1% v/v acetic acid and 1.5 mL of MeOH. This procedure was performed three successive times for each sample, followed by SPE cleanup of the combined extract. Analysis was performed using an Agilent HPLC-MS system. The optimized conditions for PFCs analysis are presented in Table S4 . The accuracy of the methods was determined by comparing the response from analysis of spiked samples (sludge samples fortified prior to extraction) with matrix matched samples (sludge samples fortified prior to HPLC-MS examination) for the same fortification level. The recoveries ranged for water and solid samples from 72.3% to 112% and from 54.6% to 93.2%, respectively (Table S5 ). Precision data of the analytical procedure shown satisfactory repeatability and reproducibility for both wastewater and sewage sludge samples (RSD < 16%), as presented in Table S6 . Limits of quantification (LOQs) of PFCs ranged from 45.9 to 94.8 ng L -1 for liquid samples and from 25.6 to 75.0 ng g -1 for solid samples (Table S5 ). Teflon bottles, Teflon-lined caps and any suspect fluoropolymer materials were avoided throughout the analysis, in order to avoid contamination of the samples. During each batch analysis, procedure blanks were also checked to serve as quality control, indicating that no contamination occurred during sampling and analysis.
Calculations
The obtained data from sorption batch experiments were described by the sludge water distribution coefficient, K d (L Kg -1 ), according to Eq. (2.1),
Where, C s and C w are the equilibrium concentration of each PFC in sludge (ng Kg -1 ) and water (ng L -1 ), respectively. For calculating C s concentration of each target compound, Eq. (2.2) was used,
Where , C 0 is the measured concentration of each PFC in the water phase at t = 0 in flasks with no sludge addition (ng L -1 ) and SS is the concentration of sludge suspension used (Kg L -1 ). The organic carbon distribution coefficient, K OC (L Kg OC -1 ) was calculated using the obtained K d values, according to Eq. (2.3),
Where, f oc is the fraction of organic carbon on the sludge (Kg-OC Kg-sludge -1 ).
The fraction (f s ) of each target compound that would be sorbed at equilibrium for a given sludge concentration [Suspended Solids; SS (Kg L -1 )] is given using the experimental K d values, according to Andersen et al. (2005) ,
The fraction (F R ) of each PFC load that will be removed at equilibrium conditions due to sorption to sludge in primary settling tank (F R-PS ), secondary settling tank (F R-SS ) and anaerobic digester (F R-DS ) can be estimated as shown in Eq. (2.5) [Andersen et al., 2005] ,
Where RESS is the mass of sludge removed per volume of treated sewage (Kg L -1 ) from each stage of STP.
For RESS calculation at each point of STP, Eq. (2.6) was used [Ternes and Joss, 2006] ,
Where, Q and Q ex are flow rate of treated wastewater and removed sludge (m 3 d -1 ), respectively, while X SS,out and X SS,ex are SS concentrations in effluent and removed sludge (KgSS m -3 ), respectively.
As the investigated PFCs are believed not to undergo transformations processes during wastewater treatment, the remaining fraction of PFCs in treated wastewater (F EFF ) is determined only by the sorbed amounts over the treatments and can be calculated according to:
(2.7) For cases that a single stage anaerobic digester is followed by dewatering process during sludge treatment, the remaining fraction of target compounds in sludge leachates (F LEAC ) can be calculated according to:
(2.8) The software GraphPad Prism 5 for Windows was used for data evaluation.The significance of the differences between sorption results was checked by Student t-test at a significance level of 0.05.
Results and discussion
Sorption of PFCs on different types of sludge
Removal kinetics of PFCs onto secondary sludge was studied in batch experiments and the ratio between measured aqueous concentration and total initial concentration was calculated at all sampling points ( Fig. 1 ). According to the results, sorption equilibrium was achieved after approximately 4 h for all PFCs, excepting PFOA for which the equilibrium time was estimated to be 8 h. To ensure that equilibrium had been reached for all PFCs, an equilibrium time of 15 h was selected for the following sorption experiments. For all PFCs, the mass balance was approximated by comparing the masses on the dissolved and particulate phase to the spiked analyte quantity. Based on these results and on the results from the Control flask (Table S3 ), neither degradation of target compounds nor adsorption on the flasks were observed (Fig. S1,S2 ). The results clearly distributed evenly in a linear plot of measured C w against C s calculated with equation 2.2 and therefore no isotherm fittings were attempted and the K d values were calculated as the average of all the K d determined by each individual experiment (n = 18). The K d values estimated for PFCs ranged from 330 to 6015, 329 to 17432 and 162 to 11770 L Kg -1 for primary, secondary and digested sludge, respectively (Table 1 ). In general, these K d values were similar to those reported in previous studies [Yu et al., 2009 , Zhou et al., 2010 , Arvaniti et al., 2012 . Possible reasons for the deviations observed in some cases could be the different experimental protocol used in each study for K d calculation (batch experiments versus full-scale monitoring data), the chemical characteristics of sludge used (pH, organic carbon, cations) and the different analytical parameters of applied methods. Published K d values describing PFOA and PFOS sorption onto soils and sediments [Zareitalabad et al., 2013] , showed that less part of these compounds is expected to be sorbed on these matrices comparing to sludge.
The sorption capacity of perfluorocarboxylic acids (PFCAs) increased with the increase of the perfluorocarbon chain length (Table 1) , due to the hydrophobic and oleophilic character of Carbon-Fluor chain. PFOS had higher sorption capacity than PFOA due to the presence of one more carbon in the chain and the existence of different functional group with higher acidity (sulfonic acid instead of carboxylic acid) on its molecule. Similar results for the sorption affinity of different PFCs have also been reported in the literature for sludge and sediment [Higgins et al., 2006 , Arvaniti et al., 2012 , Zhang et al., 2013 . Regarding the effect of sludge used on PFCs' sorption, the application of pairwise t-test showed significantly different K d values between primary and secondary sludge for PFDA, PFUdA and PFOS, as well as between primary and digested sludge for PFUdA and PFOS (Table 1) . A difference is inspected as the solid matter in the different sludge types has different origin and therefore different qualities in terms of functional groups and polarity.
Using the experimental f oc and K d values for all target compounds, K OC were calculated for different types of sludge (Table 1 ). According to the results, K OC values ranged from 707 to 12853 for the primary sludge, 913 to 48421 for secondary sludge and from 470 to 34116 L Kg OC -1 for digested sludge. So far, there is only one study reporting K OC values of selected PFCs in sludge. Specifically Yu et al. (2009) reported lower K OC values for PFOA and PFOS in secondary sludge ( Table 1) . In that study, fraction of organic carbon (f oc ) in secondary sludge was much higher (0.75) comparing to the current study (0.36).
Effect of solution's pH
Calculation of K d value for secondary sludge at different pH showed that PFCs sorption decreased as the solution pH increased from 6 to 8 ( Fig. 2a ). By employing pairwise t-test at 95% confidence level, the difference in the variation of pH was determined and identified. According to the results, K d values were significantly different between pH 6 and 7 as well as between pH 6 and 8. Similar results for the role of pH on PFCs sorption have been reported by Zhou et al. (2010) and Zhang et al. (2013) . Due to extreme pKa values of PFCAs (< 3.13) and PFOS (3.27), target compounds exist as anions in the examined pH range. The overall charge of sludge is positive at lower pH, a fact which increases the concentration of cationic groups that are available for ionic interaction with negative charged PFCs. Additionally at lower pH, the electrostatic repulsion decreases as overall charge on the sludge becomes positive.
Effect of ionic strength on sorption
In the present study, PFCs sorption was affected to different extent by the existence of Ca 2+ and Na + (Fig.2b,c) . Statistically higher K d values (pairwise t-test, p < 0.05) were calculated for all target compounds when the concentration of Ca 2+ increased from 1 to 100 mM. On the other hand, a lower effect of Na + on PFCs sorption was observed for the same ionic strength and statistically significant differences were found only for PFDA and PFUdA (Fig. 2c ). These findings are in agreement with previous reports, which investigated the effect of different cations on the sorption of PFCs to secondary sludge, clay and sediment [Higgins et al., 2006 , Zhang et al., 2013 . The positive effect of cations on PFCs sorption could be due to the fact that they act as ion bridges between negatively charged PFCs and sludge. Regarding the different PFCs sorption in presence of Ca 2+ and Na + , in a previous study Higgins et al. (2006) reported that these changes in sorption are not simply ionic strength effects and cannot be explained by simple compression of the electrostatic double layer. It is possible that the effects of Ca 2+ on sorption are due to a reduction in the charge of organic matter.
Assessment of the sorbed fraction of PFCs in the STP
Typical concentrations of SS in raw wastewater, activated sludge reactor and anaerobic digester were selected and the sorbed fractions of each PFC were predicted for different compartments of a typical STP using Eq. (2.4) ( Table 2) . Regarding primary sludge, the predicted sorbed fractions were strongly dependent on target compounds, ranging from 3% for PFOA (SS concentration: 0.1 g L -1 ) to 55% for PFUdA (SS concentration: 0.2 g L -1 ). These results are consistent with previous experimental data, reporting PFCs distribution in raw wastewater (Arvaniti et al., 2012) . In activated sludge and anaerobic digested sludge, due to the elevated SS concentrations in bioreactors, the major part (> 87%) of PFDA, PFUdA and PFOS is expected to be sorbed on suspended solids. On the other hand, PFOA that presented the lowest K d values between target compounds (Table 1) seem to be affected to a greater extent by the concentration of available SS (Table 2) . 
Assessment of PFCs removal in the STP
In a conventional STP, typical values for the removal of primary and secondary sludge per volume of treated sewage are 210 g m -3 [Hörsing et al., 2011] and 250 g m -3 [Ternes and Joss, 2006] , respectively. Since the investigated PFCs are neither volatile nor degraded in a STP, applying these values and the experimental K d , the loss of PFCs due to sorption in primary and secondary settling tank and the load discharged via treated wastewater to the environment can be estimated with Eq.(2.5)-(2.7).
As shown in Fig. 3 and Table S7 , except for PFOA of which 86% of the initial load is expected to be discharged into the environment via treated wastewater, all other target compounds is predicted to be significantly removed (> 49% of initial loading) by sorption to primary and secondary excess sludge. Taking into account that PFCAs with C5 to C14 are usually detected in raw wastewater, the results presented in paragraphs 3.1 and 3.5 indicate that PFCAs with less than 10 carbon atoms are expected to be detected mainly in treated wastewater. According to Eq. (2.5)-(2.7), the critical K d values for achieving high (> 60%) PFCs' removal via sludge is 2500 L Kg -1 . Contrary to the aforementioned estimations, previously published monitoring studies have reported negative removals in a STP, especially for PFOS and PFOA (Sinclair and Kannan, 2006, Arvaniti et al., 2012) . These observations are due to the significant formation of PFCs by precursors found in domestic wastewater (e.g. fluorotelomers); a mechanism which was not quantified in the current study. The results of this study indicate the ability of sludge to remove significant part of PFCs and for the first time assess systematically the role of sorption on their fate during wastewater treatment. Further research should be performed in order to quantify PFCs' formation in STPs.
Prediction of PFCs' removal with secondary excess sludge within pH values and cations concentrations checked in this study showed that commonly observed fluctuations of these parameters can affect PFCs behavior in a STP (Table S8 ). For instance, a decrease of pH from 7 to 6 would increase target compounds' removal about 1.5 (PFUdA) to 3.5 (PFOS) fold, while increase of [Ca 2+ ] from 1 to 10 mM would multiply PFCs' removal depending on the compound.
For the cases that anaerobic digester is followed by dewatering process, by use of Eq. (2.5, 2.6 and 2.8), the fractions of each PFC load that would be removed due to sorption to sludge and discharged via leachates were estimated (Fig. 3) . Since the SS concentrations in anaerobic digester are high, the major part of incoming PFCs in digester is expected to be removed via treated sludge. However, for the less hydrophobic compounds (e.g. PFOA), a small but not negligible amount of initial load (≈3%) seems to end up in leachates and transferred to the inlet of STP. 
Conclusion
K d values of selected PFCs in primary, secondary and digested sludge were calculated in batch experiments. Longer PFCAs and PFOS exhibited high K d values, indicating that PFCs' sorption on sludge occurs due to hydrophobic interactions. Assuming that PFCs are neither volatile nor degraded in STP and target compounds' formation due to precursors is negligible, K d values were used to evaluate the fate of PFCs in a typical STP. According to the results, PFCs with short chain length are expected to be detected mainly in treated wastewater, while longer compounds will be removed via sludge disposal. Variations in pH values and [Ca 2+ ], [Na + ] during wastewater treatment can significantly affect fate and removal of PFCs in a STP. The number of replicates in each sorption experiment is given in parenthesis. 2 The pH values when the concentrations of Na + were 1, 10 and 100 mM, respectively. 3 The pH values when the concentrations of Ca 2+ were 1, 10 and 100 mM, respectively. Table S7 . Fraction of each PFC load that is removed due to sorption to sludge in primary settling tank (F R-PS ), secondary settling tank (F R-SS ) and discharged in effluent wastewater (F EFF ). 
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